The aim of this study was to establish an experimental rat model of temporomandibular joint (TMJ) anterior disc displacement (ADD). A pilot study was conducted to determine the most appropriate surgical protocol. In the main experiment, 40 rats were used. Twenty-four rats were subjected to ADD in the right TMJ, and subsequently thereafter six, nine, and nine rats were sacrificed at 1, 4, and 8 weeks, respectively, for gross evaluation. Twelve rats that underwent a sham operation were equally divided and sacrificed at each of the above time points. Four nontreated control rats were sacrificed at the beginning of the study. TMJ blocks were harvested for radiological and histological assessment. Gross examination showed that 14 rats in the ADD group (58.3%) had anterior displacement of the TMJ disc. In the ADD joints, posterior condylar cartilage thickness decreased during the follow-up period; however, there was no significant difference between the sham-treated and ADD joints, or among the follow-up time points (P > 0.05). The anterior condylar cartilage exhibited obvious qualitative alterations. Radiologic signs of osteoarthrosis appeared after ADD surgery, but this became attenuated with time. The model investigated in this study successfully induced ADD in rats, and should be useful for assessment of progressive changes in the TMJ following ADD.
Introduction
Temporomandibular disorder (TMD) encompasses a group of musculoskeletal and neuromuscular conditions that involve the temporomandibular joint (TMJ), the masticatory muscles, and all associated tissues [1] . The most common form of intra-articular derangement in the TMJ is anterior disc displacement (ADD), which has a high incidence, occurring in 78-86.2% of TMD patients and 34-35% of asymptomatic individuals [2, 3] . A systematic review has reported that its prevalence ranges from 18% to 35% in the general population [4] . Despite an extensive range of accessible literature, the role of ADD in TMD etiology remains controversial. It has been suggested that ADD can induce pain, masticatory dysfunction, and joint degeneration, and thus may be a progressive disorder; however, many researchers consider ADD to be a relatively stable and painless condition of the TMJ [4, 5] .
Various approaches have been used to investigate changes in the TMJ associated with ADD, including conventional X-ray, computed tomography (CT), and magnetic resonance imaging (MRI). Additionally, finite element models of the TMJ have been used to assess the etiological factors of TMD, focusing on overloading forces and stress analysis [6] [7] [8] . However, these methods make it difficult to explore details of pathogenesis in the living body. The TMJ in cadavers is useful for histological evaluation, but for decedents lacking a clear dental medical history, the results of inspection are difficult to interpret [9, 10] . Surgical specimens collected from patients can also aid in understanding disease progression; however, such materials are limited [11] [12] [13] . Therefore, it is necessary to create an animal model of ADD to evaluate its effect on TMJ structures.
Because of their structural and functional similarity to humans, rabbits and rats have been widely used for studying the TMJ [14] [15] [16] . Many surgery-induced ADD models have been created in rabbits [17] [18] [19] [20] [21] [22] . Initially, these models were created by opening the TMJ capsule, removing the discal attachment, and pulling the disc anteriorly [17, 18] . In some later studies, the capsule was opened and a traction suture was placed in the joint space while retaining the attachment of the disc [19, 20] . More recent studies have induced ADD without the need to open the TMJ capsule [21, 22] . Rats have also been used to study the TMJ and its functional and/ or pathological changes, such as those involving the TMD. Some studies have observed changes in the TMJ following articular discectomy [23] [24] [25] . In addition, rat models have been used to evaluate the effects of various factors contributing to TMD, such as mechanical stress, female hormones, and psychological factors [26, 27] .
Cinephotography and cinefluorography studies have demonstrated that rabbits and rats share many identical features of mandibular movement, including elevation and depression, protrusion and retraction, or movement from side to side [28, 29] . During masticatory movements, despite the lack of a clear articular eminence, the condyle of the rat retains rotation and translation in two functional positions: the anterior part of the fossa and the posterior facet on the fossa [29, 30] . For this reason, rats are a suitable alternative to rabbits for studies of intra-articular derangement of the TMJ. No previously reported study has assessed ADD in rats. Therefore, the aim of the present study was to investigate structural changes in the TMJ using an experimental rat model of ADD and to evaluate its feasibility as an alternative animal model of TMJ ADD involving surgical intervention.
Materials and Methods

Study design
First, a pilot study using eight rats was conducted to familiarize the investigators with rat anatomy (TMJ structures and surrounding tissues). Through this preliminary experiment, the surgical protocol for the main study was also established.
In the main experiment, 40 16-week-old male Wistar rats weighing between 450 and 515 g were used. Rats of this age are considered as adults [31, 32] . Four rats serving as normal controls were sacrificed at the beginning of the experiment, and the remaining 36 were randomized into two surgical groups: sham group (n = 12) and experimental anterior disc displacement (ADD) group (n = 24). In the surgical groups, the right TMJ was chosen for experimental manipulation and the left TMJ was left untreated as a control. In the sham group, four animals were randomly sacrificed at 1, 4, and 8 weeks after surgery. In the ADD group, six, nine and nine rats were randomized for sacrifice at 1, 4, and 8 weeks after surgical manipulation, respectively.
The experimental protocols were approved by the Institutional Animal Experiment Committee of Tokyo Medical and Dental University, Japan (approval number: A2017-248A and A2018-027A), and all procedures were conducted according to the Guidelines for Animal Care and Use Standards.
Surgical protocols
Each experimental rat was anesthetized using 4% Isoflurane, followed by general anesthesia with an intraperitoneal injection of Medetomidine hydrochloride (0.375 mg/kg), Midazolam (2 mg/kg), and Butorphanol (2.5 mg/kg). The right preauricular region was shaved and sterilized with iodine and alcohol. The surgical region was locally anesthetized with 1 mL Lidocaine (2%). An incision approximately 2 cm long was made along the zygomatic arch, just anterior to the external auditory meatus and extending inferiorly to the lateral canthus of the eye. The overlying soft tissue was reflected to expose the zygomatic arch, revealing two junctions on the bone. A hole was drilled 1 mm anterior to the front junction using a round bur (φ = 0.5 mm) with a low-speed handpiece under continuous saline irrigation. Thereafter, the lateral joint capsule was exposed, and the superior joint space was entered by splitting the synovial membrane attachment with micro-spring scissors. The disc and posterior attachment (PA) were identified. All discal attachments were left intact. The disc was kept in an anterior position, and the anterior part of the disc was penetrated by a round needle attached to 4/0 nylon suture (Natsume Seisakusho Co., Ltd., Tokyo, Japan). After pulling the disc forward, the other end of the suture was fixed to the prepared hole in the zygomatic arch (Figs. 1, 2). Care was taken to avoid injury to the articular soft tissue, especially the condylar cartilage surface. After displacement, the wound was thoroughly irrigated with saline, and the anterior position of the disc was verified. The surgical procedure was considered successful when the PA remained above the condyle in the closed mouth position. Finally, the wound was washed and closed in layers.
Rats in the sham group underwent the same treatments including zygomatic exposure and superior joint space access; however, the disc was merely mobilized without pulling it forward.
The surgery was performed using the SurgiSuite Multi-Function Surgical Platform (Kent Scientific Corporation, Torrington, CT, USA). During the operation, the rats were kept warm with an electrical heating pad placed on top of the platform. The surgical field was magnified 9× via a clip-on magnifier and head-mounted binocular loupes.
Postoperatively, antibiotics were injected intramuscularly daily for 3 days. The animals were fed food pellets and water ad libitum. A soft diet was also provided for the first week. All animals survived throughout the follow-up period of the study.
Gross examination and specimen preparation
At the sacrifice time-points, all animals were euthanatized by CO 2 inhalation. For the ADD groups, gross examination was performed to check the status of the displacement. After careful dissection down to the superior joint cavity, cases were considered successful if the posterior attachment was above the condyle in the jaw-closed position.
The heads of successful ADD, sham, and non-surgically treated rats were dissected, skinned, and fixed in 10% neutral-buffered formalin (pH 7.4) for 24-48 h. The upper and lower jaws were maintained in the intercuspal position during the fixation process. Next, TMJ blocks approximately 2 × 2 × 2 cm in size were harvested bilaterally, ready for micro-CT scanning and histological analysis.
Micro-CT scanning
The TMJ blocks were scanned using a micro-CT system, R-mCT2 (Cos-moScan GX, Rigaku Corporation, Tokyo, Japan). The following imaging conditions were set for the present study: tube voltage, 90 kV; tube current, 160 μA: voxel size, 20 × 20 × 20 μm; exposure time, 3 min. Reconstruction time was approximately 20 s. The slices were scanned parallel to the condylar lateromedial plane and 512 frames were collected. The reconstructed images were processed by I-View-R software (Rigaku Corporation). A ×2 magnifying glass was used for the radiographic readings. Osseous abnormalities of the condyle were evaluated as cortical erosion, concavity, flattening, and osteophyte. Condylar cortical bone was considered normal if none of these signs were detected [33] .
Histological examination
After taking micro-CT images, all specimen blocks were decalcified for 5 days, then dehydrated in an ascending graded alcohol series for 3 days followed by chloroform and subsequently embedded in paraffin.
The paraffin-embedded specimens were cut sagittally throughout the lateral to the medial part of the TMJ using a manual diamond saw. Sections 5 μm thick were cut and collected on coated New Silane III micro slides (Muto Pure Chemicals Co., Ltd., Tokyo, Japan). The slides were stained with hematoxylin and eosin (HE) for qualitative and quantitative assessment. Three continuous sagittal sections at the central part were chosen, and images were captured at ×100 magnification using a light microscope (Olympus BX41, Tokyo, Japan). The condylar cartilage thickness was measured at the posterior region in these three sections using Image-J software (National Institute of Health, Bethesda, MD, USA), then averaged [34] . Qualitative analysis was performed at the anterior and posterior region of the condylar cartilage.
Statistical analysis
Results are presented as the mean ± standard deviation (SD). The Shapiro-Wilk test was used to confirm the normal distribution of the data. Nonparametric tests were applied in the case of nonparametric data. Body weight data were compared using Student's t-test between the sham and ADD groups. For comparison of posterior condylar cartilage thickness between two surgical groups and among follow-up time points, the Mann-Whitney U test and the Friedman test were applied, respectively. If significance was recognized, post-hoc test was performed using the Wilcoxon sign-rank test with Bonferroni adjustment. Differences were considered significant at P < 0.05. SPSS Ver.23 (IBM, Tokyo, Japan) was used for all statistical analyses.
Results
Results of the pilot study
In the pilot study, two surgical protocols were used: 1, severing the discal (lateral, medial, and anterior) attachments; and 2, inducing ADD while preserving these attachments. Rats treated using technique 1 showed severe changes of the condylar cartilage (histological assessment) and morphologic condylar bone (seen on micro-CT scan), which might have resulted from the aggressive surgical approach rather than displacement of the disc. Moreover, technique 2 enabled anterior dislocation of the disc to be performed. Therefore, in the surgical protocol for the main study, the discal attachments were retained. 
Body weight changes
There was a reduction in body weight in both groups during the first week of follow-up, but a steady weight gain was observed thereafter (Fig. 3 ). There was no significant difference in body weight between the sham and ADD groups at each of the follow-up time points during the experimental period (Student's t-test, P > 0.05).
Gross evaluation of ADD
The operation site healed well in all rats, except for mild swelling a few days after surgery. During the first week, some rats in the sham and ADD groups showed unbalanced attrition of the incisors with the inclination higher to the left side; however, tooth abrasion gradually resolved.
Gross examination after sacrifice showed that in 14 of the 24 rats (six, four, and four rats sacrificed at 1, 4, and 8 weeks, respectively) in the ADD surgery group, the TMJ disc remained in an anteriorly displaced position, i.e. the posterior attachment was superior to the condyle. Unsuccessful cases were attributable to disc fragmentation (n = 3), disc perforation (n = 2), and changing the fixation position on the zygomatic arch (n = 8), which caused suture loosening, resulting in the disc returning to its normal position. Table 1 details the micro-CT assessment related to osseous abnormalities. In the ADD group, condylar osseous changes showed that erosion or concavity signs tended to develop in experimental joints 1 week after surgery (Fig. 4) . However, these signs were found to have disappeared on later follow-up scans, and cortical bone was obviously evident in 8-week ADD joints.
Micro-CT scan
Histological results
Quantitative evaluation
As shown in Fig. 5 , condylar cartilage thickness in the posterior region of the condyle was decreased in the ADD groups at 4 and 8 weeks; however, there was no statistically significant difference between sham and ADD joints (Mann-Whitney U test, P > 0.05), or among the various follow-up time points (Friedman test, P > 0.05).
Qualitative evaluation
Condylar cartilage: In four non-treated joints and three sham-treated joints, micro-CT images showed abnormal osseous changes, including flattening, concavity, and osteophytes (Table 1) ; however, histological examination demonstrated no notable difference from the other normal joints in terms of well-defined organized layers and cellular arrangement of the condylar cartilage. Therefore, there was no noticeable difference in histological characteristics between the non-treated and sham-treated joints, all of which were considered to constitute "control" preparations.
In control joints, articular cartilage is regionalized to four clear layers: fibrous, proliferative, chondroblastic, and hypertrophic layers.
In the anterior region of the condyle, in 1-week ADD joints, obvious histological changes were observed. Structural disarrangement was not uniform, and some unique characteristics were evident. In the same experimental condyle, cartilage hyperplasia and hypoplasia coexisted. Some areas showed a decrease in cartilage thickness, loss of layer organization or absence of specific layers (Fig. 6 ). Most of these alterations were also observed in the 4-week ADD joints to a lesser degree. However, the ADD joints in the 8-week group showed improvement as severe cellular atrophy and cartilage hyperplasia disappeared. In two joints, four well-organized layer structures appeared, even though the thickness had not yet normalized (Fig. 7) .
The posterior region of the condyle showed less change than the anterior region; the layers remained intact. Hyperplasia was noteworthy, especially in 1-week ADD. However, only minor changes in cellular arrangement were observed in 4-week ADD joints. Furthermore, normal articular cartilage was seen in most of the 8-week ADD specimens.
Glenoid fossa: The articular surface of control joints was composed of a superficial fibrous layer and an underlying chondrocyte layer. The glenoid surface was altered with cell clusters and regional loss of cells in most 1-week and 4-week ADD joints. Erosion was seen in two 1-week joints. Eight-week ADD joints showed tissue rearrangement to a lesser degree in some scattered areas.
Disc: Control discs were double-concave and the central thinnest part was located superior to the posterocentral condyle. In ADD joints, the disc was elongated and/or deformed, the central zone being located anterior to the condyle.
Posterior attachment (PA): The PA of the TMJ in control rats was made up of loose fatty connective tissue. In ADD rats, there was an increase in fibroblasts and fibrous tissue, and a loss of adipose tissue, especially at 8 weeks (Fig. 8 ).
Discussion
The body weight decrease observed in both surgical groups during the first week may have been a consequence of postoperative pain, causing low food consumption, even though a soft diet was supplied. Such pain would have affected daily mastication and gnawing activity, thus contributing to unbalanced attrition of the incisors. However, after 1 week, rats returned to normal food consumption and mastication, accompanied by an increase in body weight and attenuation of incisal abrasion.
The presence of a high coronoid process in rats should be considered when deciding the position of the suture. Micro-CT evaluation was used to define the position of the hole in the zygomatic arch so that the coronoid process did not interfere with the suture and its direction could be made as anteriorly straight as possible.
Several surgical protocols for creating ADD models in rabbits have been reported [18, 21, 22, 35] . However, these have differences, such as opening or not opening the joint, dissecting the discal attachments or keeping them intact, and the position at which the disc is sutured (anterior part of the disc or anterior extension of the disc). In the present study, a surgical method involving a direct approach to the joint was chosen because this helped to define the intra-articular structures and ensured correct displacement of the disc in relation to the condyle. Even though surgical opening of the joint was thought to affect joint stability, radiographical and histological evaluation revealed only minimal changes in the sham-treated joints. Since the anterior extension of the rats TMJ disc revealed thin and loose connective tissue, whereas the anterior part of the disc composed of fibrous tissue was much more compact, the latter was chosen as the suturing position.
In this study, the anterior region of the condyle was the most affected area following ADD, and the posterior part exhibited fewer changes. The TMJ is susceptible to mechanical stimuli. Remodeling process is capability of TMJ structures to adapt with changing forces applied on it. A sudden change in the position of the disc influenced the anterior condylar cartilage. Signs of osteoarthrosis were observed in most of the 1-week and 4-week ADD joints, but by 8 weeks after surgery, these signs were attenuated or resolved. A previous study using finite element models developed on the basis of MRI in two human subjects with or without ADD of the TMJ analyzed the stress distribution on condyles during prolonged clenching. This showed that the posterior area of the condylar articular surface in the ADD joint experienced higher stress, which might have caused the condylar cartilage to break down [7] . It is noteworthy that in this experiment, posterior condylar cartilage thickness decreased during the follow-up period, although not to a significant degree. Moreover, the posterior region of the condyle showed good qualitative recovery following disc displacement. The mandibular condyle has marked adaptive ability; in the absence of other contributing factors, such as prolonged clenching, ADD had a reduced influence on the posterior region of the condyle. However, these results were not consistent with previous ADD rabbit models. Many studies have described that osteoarthritic changes to the condyle persisted throughout follow-up periods of 6 weeks, 8 weeks and 24 weeks, respectively [17, 18, 20] . Interestingly, however, Gu et al. observed recovery after 8 weeks [21] . These studies indicate that differences in the surgical approach can affect the results.
In the present study, the severity of condylar change following surgery was not the same in all 1-week ADD rats. This may have been due to differences in individual reactions or pulling forces placed on the disc. Li et al. applied different forces to the TMJ discs of rabbits using elastic bands, and found a correlation between the stretching force and the severity of change in the condylar cartilage [22] . The present study used thread to induce ADD, and the position of the disc was restricted by discal attachments that remained intact. After displacing the disc, the success of ADD was evaluated by assessing the disc position. However, as the pulling force placed on the disc was difficult to control, differences among the rats may have been present. New controls should therefore be studied to ensure that similar forces are applied to the disc.
The PA of the normal TMJ is rich in blood vessels and nerves. In this study, the PA of ADD joints showed an increase in fibrous tissue. Fibrosis of the PA following ADD can originate from tensions in the posterior region and various loads from the condyle during function. This finding concurred with the results obtained from ADD-related cadaver or autopsy specimens [9, 12] , and also with results from a rabbit ADD model [21] . In patients with untreated ADD without reduction, MRI has revealed pseudo-disc sign, resulting from increased fibrous tissue in the PA [36, 37] . During fibrosis in ADD joints, the PA might become less innervated, thus preventing transmission of noxious stimuli when the condyle functions on the PA instead of the disc. This might explain why many patients with ADD are pain-free. These may be considered as adaptive changes when the PA functions as a disc.
This study had some limitations, the main one being that the TMJ disc in 14 (58.3%) of the 24 rats subjected to ADD remained in the anterior position at the time of sacrifice. Therefore, the present surgical technique needs to be modified to eliminate surgical failures, in order to make the ADD model more reproducible. Moreover, stretching force plays a crucial role in establishing any ADD model. Therefore, novel methods for ensuring that the same force is applied to the TMJ disc need to be considered.
Overall, this is the first reported study to have developed a model of temporomandibular ADD in rats by tracing the disc anteriorly via a nylon suture without dissection of the discal attachments. The success rate was 58.3%. Various TMJ components responded in distinctive ways to ADD. Although osteoarthritic changes appeared in the initial postoperative period, they subsequently ameliorated. Within the limitations of this experiment, this model may be used to evaluate the progressive changes occurring after intra-articular derangement to further elucidate the etiology of osteoarthritis in the TMJ.
